This study investigates precipitation over the Maritime Continent, comparing the precipitation simulated by a 20 km-grid Meteorological Research Institute General Circulation Model (MRI-GCM) and the nearsurface rain data of TRMM 2A25. The focus is particularly the diurnal cycle and its phase distribution of precipitation. The features of the simulated precipitation mostly agree well with observations made over islands and straits having horizontal scales smaller than 200 km. However, these are quite different around larger islands, such as Sumatra and Borneo, particularly in the phase of the diurnal cycle. The MRI-GCM indicates maximum pre cipitation in the early afternoon on these islands, while the observed precipitation has its maximum at night. In particular, over the inland areas of the larger islands, the simulated diurnal cycle has almost a reversed phase. The simulated precipitation is remarkably weaker than the observation around the western coast of Sumatra Island, where a large discrepancy is also found in the phase distribution along a line perpendicular to the coast. A higher-resolution simulation using a nonhydrostatic model without convective parameterizations substantially improves the phase distribution over Borneo Island. The non-hydrostatic model simulates well the migration of the precipitation zone and the daily maximum at night in the inland areas. In contrast, the GCM fails to simulate the diurnal cycle over islands whose horizontal scale is larger than 200 km, although the 20 km grid spacing is small enough to reproduce the major aspects of the local circulations. The cause for this seems to be the cumulus convective parameterization, which may not adequately represent the coupling of convection and local circulations.
planetary-scale atmospheric circulation (Neale and Slingo 2003) . It is now widely accepted that most precipitation over the Maritime Continent is caused by a convective precipitation system in synchronization with a diurnal cycle. Earlier studies using Tropical Rainfall Measuring Mission (TRMM) data pointed out that the precipitation is primarily caused by mesoscale convective systems (MCSs) that are strongly forced by the diurnal cycle over the ocean on the western side of Sumatra Island (e.g., Nesbitt and Zipser 2003) . In the past few years, several studies have analyzed the diurnal cycle of convective activity as simulated by GCMs (e.g., Neale and Slingo 2003; Collier and Bowman 2004; Dai and Trenberth 2004; Dai 2006; Lee et al. 2007a, b) . These GCMs accurately simulate a large-scale distribution of precipitation, although the phase of the diurnal cycle tends to deviate significantly from the observation. The reasons for the phase discrepancy have been discussed and are presumed to be the extremely coarse grid spacing and incomplete cumulus parameterization schemes found in GCMs (Neale and Slingo 2003; Collier and Bowman 2004) . In particular, Dai (2006) studied the diurnal cycle of precipitation simulated by GCMs and stated that convections still tend to start earlier than the observation over land during the warm season, even in recent GCM simulations.
The diurnal cycle of convective activity simulated by GCMs largely depends on the horizontal resolution and cumulus convective parameterization of the GCM (Lee et al. 2007a and 2007b) . Lee et al. (2007a) carried out several tests of the sensitivity of a GCM to the horizontal resolution, using a range of mesh sizes from 0.5 to 2 degrees and focusing on the diurnal cycle of precipitation in the North American continent. They stated that some features of the diurnal cycle of precipitation can be better modeled by adopting a higher resolution, but large errors still remain, even with the highest horizontal resolution. Lee et al. (2007b) conducted some experiments to examine the sensitivity of the parameters in the relaxed ArakawaSchubert scheme to the diurnal cycle. They found that the diurnal cycle strongly depends on the parameters. In most of these studies, it is difficult to accurately reproduce the diurnal cycle in the GCMs because the cumulus convective parameterization is not designed to represent MCSs. Mizuta et al. (2006) conducted a numerical simulation using a GCM with a 20 km mesh called MRI-GCM TL959L60 that was developed by the Meteorological Research Institute, Japan Meteoro logical Agency (hereafter, MRI-GCM). The simulation yielded a significantly improved representation of precipitation including specific phenomena such as the Baiu (Yasunaga et al. 2006; Kusunoki et al. 2006) , the Asian monsoon (Yatagai et al. 2005; Mizuta et al. 2006) , and the tropical cyclone . Mizuta et al. (2006) also indicated that the model performance (e.g., the global distribution of precipitation and surface temperature) was drastically improved by the MRI-GCM, which can simulate local wind circulation. Arakawa and Kitoh (2005) investigated the diurnal cycle of the precipitation over a few islands around the Maritime Continent using the MRI-GCM. They reported that the MRI-GCM has the ability to reproduce thermally induced local circulation and that the phase of diurnal cycle of precipitation is also simulated around Java Island in Indonesia in good agreement with the TRMM observation. Although they investigated the phase of the precipitation, they did not determine the accuracy of the amount of precipitation. They stated that the accuracy of simulated local circulations was improved because of the finer grid spacing adopted by the MRI-GCM. However, the diurnal cycle of convective activity is not adequately simulated, especially over large islands such as Sumatra and Borneo, as seen in Fig. 1 of Arakawa and Kitoh (2005) .
Thus, the diurnal cycle of convective activity over islands such as Sumatra and Borneo that have large precipitation amounts of more than 3000 mm year -1 is not simulated, even in the 20 km resolution GCM. This study investigates the features of precipitation simulated by the MRI-GCM in the Maritime Continent, especially around large islands, i.e., Sumatra and Borneo, in comparison with the precipitation observed by TRMM. The foci of this study are the following two points. The first is a detailed comparison of the spatial and temporal structures of the diurnal cycle on an "island scale", i.e., from tens to hundreds of kilometers. The second focus is the detection of the systematic phase error in the diurnal cycle of the simulated precipitation, which is closely related to the precipitation process. Figure 1 delineates the target domain of this study with the orographic height assumed in the simulation by the MRI-GCM. The MRI-GCM has 1920 × 960 horizontal grid points and 60 vertical layers. The horizontal grid spacing corresponds to almost 20 km. The bottom boundary conditions are the climatological monthly-mean SST and sea-ice concentration of the present climate. The duration of the simulation is 10 years, after a 5.5-year spin-up. The details of the simulation have been summarized by Mizuta et al. (2006) .
Comparison between TRMM 2A25 and MRI-GCM

Total amount of precipitation
The simulation results were compared with TRMM 2A25 version 6 near-surface rain data (TRMM-NSR) provided by the National Aeronautics and Space Administration (NASA). To evaluate the climatological precipitation, we utilized eight-year-averaged precipitation data from 1998 to 2005. The hourly climatological precipitation was obtained in order to investigate the diurnal cycle of precipitation. Figure 2 plots the climatological mean annual precipitation over the Maritime Continent, where (a) indicates the ten-year-averaged precipitation obtained by the MRI-GCM, while (b) indicates the eight-yearaveraged near-surface rain given by the TRMM-NSR. The simulated precipitation pattern agrees well with observations taken on small islands, such as Java Island and Sulawesi Island, whose widths are less than 200 km (R1 and R2 in Fig. 2) . Areas of heavy precipitation (more than 3000 mm year -1 ) were represented over the Makassar Strait and the Strait of Malacca (R5 and R6 in Fig. 2) .
Although the positions of the local maxima of precipitation agreed fairly well with those of the observation, the amount of precipitation was seriously underestimated by nearly 2000 mm year -1 over the ocean to the west of Sumatra Island, while the simulated precipitation was significantly overestimated over the mountain range on the island (R3 in Fig. 2 ). A substantial difference in the precipitation distribution was also found over Borneo Island. The model simulated heavy precipitation over the mountains in the northern part of the island (R4 in Fig. 2 ), although heavy precipitation was actually observed over the southern part of the island. Precipitation was considerably overestimated over a very wide area from 140°E to the eastern boundary of the figure and from the equator to 7°N, as reported by Mizuta et al. (2006) . However, this discrepancy will not be discussed here because our focus is on precipitation in the Maritime Continent, especially around Sumatra and Borneo, as mentioned above. Figure 3 portrays the horizontal distribution of the local time of maximum precipitation in the diurnal cycle simulated by the MRI-GCM (Fig. 3a) , that observed by the TRMM-NSR (Fig. 3b) , and their difference (subtracting 3b from 3a) (Fig. 3c) . Figure 3a indicates that the precipitation simulated by the MRI-GCM reaches a daily maximum in the late afternoon or the early evening (1600 to 1900 LT) over most of the land surface, while the observed maximum in Fig.  3b appears only within limited areas over the land surface near the coasts during these periods. The time of maximum precipitation agreed well with most of the coastal areas and the straits. Particularly, the difference in the time of maximum precipitation was only a few hours on small islands, such as Java Island and Sulawesi Island, as well as over straits, such as Makassar Strait and the Strait of Malacca (R1, 2, 5, and 6 in Fig. 3a ; white and red areas in Fig. 3c ). In the straits, the observed precipitation became the daily maximum from 0000 LT to 0300 LT.
Phase of diurnal cycle of precipitation
In contrast, over the inland plains on large islands, such as Borneo Island and New Guinea Island, the time of maximum precipitation simulated by the MRI-GCM was almost 12 hours earlier than that of the observation (Fig. 3c ). The observation (Fig. 3b ) reveals that the time of the maximum precipitation clearly depends on the distance from the coast of Borneo Island, and seems to migrate inland from the coast . However, the migration is unclear in the simulation, as seen in Fig. 3a . The simulated precipitation reached its maximum in the late afternoon or the early evening (1600 to 1900 LT) inland on these islands, while the observed precipitation reached its maximum at night (2000 to 0400 LT). The simulated maximum precipitation was more than six hours earlier than the observation over the ocean west of Sumatra Island and northwest of Borneo Island. Figure 4 indicates the climatological annual mean precipitation for each six-hour time slot in a day from the MRI-GCM and the TRMM-NSR. Periods 1, 2, 3, and 4 were defined as the respective time slots 0300 to 0800 LT, 0900 to 1400 LT, 1500 to 2000 LT, and 2100 to 0200 LT. In figures of both the simulation and the observation, a substantial amount of precipitation was found in Periods 2 and 3 (0900 to 2000 LT) on most of the small islands (Figs. 4b, 4c, 4f and 4g ), while precipitation was quite weak in both the simulation and observation in Periods 4 and 1 (2100 to 0800 LT) (Figs. 4a, 4d, 4e, and 4h) .
A very small amount of precipitation was observed over the large islands, as seen in Period 2 (Fig. 4f) , except for the areas along the coastline. In contrast, a large amount of precipitation was simulated over the islands in Period 2 (Fig. 4b) . The amount of observed precipitation became large over mountain areas and the areas along the coastlines in Period 3 (Fig. 4g) , while the simulated precipitation was already in the mature stage over large islands (Fig. 4c) . In Period 4 (Figs. 4d and 4h), the simulated precipitation had already decreased, but the observed precipitation was still large over the islands, maintaining its intensity until Period 1 of the next day (Fig. 4e) . These figures indicate that the simulated precipitation starts and ends earlier than that of the observation over large islands. The model simulated nighttime heavy precipitation (Period 1) observed over the ocean on the southwestern side of Sumatra Island quite poorly (e.g., Nesbitt and Zipser 2003; Mori et al. 2004; Hirose and Nakamura 2005) .
The observed precipitation over Borneo Island is not very large in Period 2, but it increases to its maximum in Period 4 over the southern part of the island. The precipitation then gradually decreases but continues until morning (Period 1). However, the simulated precipitation is much larger than that observed by TRMM-NSR over the northern mountains in Period 2 (0900 to 1400 LT) and reaches its maximum earlier, in Period 3.
Over the ocean to the southwest of Sumatra Island, the observed precipitation is still large in Period 1 (Fig. 4e) , followed by that in Period 4, when the precipitation reaches its maximum (Fig. 4h) . The simulated precipitation reaches its maximum at around midnight ( Fig. 4d ) but becomes quite weak in the early morning (Fig. 4a) . The spatial distribution of the di -urnal phase of the simulated precipitation changes discontinuously between the offshore and onshore areas on the western coastline of Sumatra Island, while the observed one changes continuously there.
Distance-time cross-sections of precipitation are presented in Figs. 5a and 5b, representing those of the MRI-GCM and the TRMM-NSR. The cross-sections are taken along Area A-A' around Sumatra Island (Fig.  1 ). The observed precipitation over the ocean near the coast intensifies at 2000 LT and remains until 0800 LT, extending westward (D1 in Fig. 5b ), while the simulated precipitation area is weak (Figs. 4d and 4a ) compared to the observed precipitation, moving slowly toward the west from around midnight until about 0400 LT. As Mori et al. (2004) suggested, a convection system that is generated along the mountain range in the evening separates into two parts that propagate west and east at night. The convection system going west is quite active from midnight to early morning and results in heavy precipitation over the ocean up to about 200 km off the coast. The simulated precipitation has some similarity in the time evolution of a convection system (D1 in Fig. 5a ). However, the migration of the simulated precipitation area from the coastline to the west, which intensifies around 1200 LT over the coastline, has two local maxima, i.e., around 1200 LT on the coastline and 0000 LT (D01 in Fig. 5a ). In fact, it briefly weakens around the coastline in the early evening, is then enhanced again around midnight, and finally disappears earlier than the observation. Although the observed precipitation area, which migrates to the inland area, moves continuously from the coastline to the inland area, the simulated precipitation area, which migrates from the coastline to the inland area, intensifies in the afternoon (1200 to 1500 LT) and migrates inland around 1800 LT. Another precipitation area appears separately from about 2000 LT to the early morning (0600 LT). Figure 6 is the same as Fig. 5 except for Area B-B' around Borneo Island. Precipitation is observed in a limited area over land along the coastline in the afternoon (1200 to 1500 LT). This indicates that substantial precipitation begins near the mountain range along the coast. The precipitation area migrates toward the center of the island, arrives the center of the island about 400 km away from the coastline at midnight (D3 in Fig. 6b ). The convection then weakens around 0300 LT. In the late evening (2300 to 0200 LT), the precipitation over the ocean near the coast begins to increase and propagates offshore. The amount of precipitation reaches its maximum after midnight. Figure 6a demonstrates that the MRI-GCM partially simulates the convection propagating off shore, although the intensity is underestimated and decreases much earlier than the observation. The propagation inland completely failed to be simulated (D2 in Fig.  6a ). The simulated precipitation has an almost uniform diurnal cycle all over the island, with a maximum in the afternoon (1500 LT), independently from the distance from the coast, although the observation clearly shows the inland migration.
A non-hydrostatic regional model
Discrepancies in the diurnal cycle should strongly depend on the cumulus convection parameterization and grid spacing. We carried out a one-month simulation using a non-hydrostatic limited-area model, namely the Weather Research and Forecasting (WRF) model version 3.0.1.1 (Skamarock et al. 2005) , with a two-way nested domain. Figure 7 delineates the domain of the simulation. The outer domain (D01) has 176 × 152 grid points with 14 km grid spacing; the inner domain (D02) has 536 × 416 grid points with 3.5 km grid spacing. Both domains have 31 vertical layers (surface to 50 hPa). The microphysics scheme that is used in this simulation is the WRF Single-Moment 6-class (WSM-6) scheme without cumulus parameterization. The National Oceanic and Atmospheric we used TRMM 3B42 version 6 (Huffman et al. 2007) to validate the one-month simulation of the WRF model. Figure 8 indicates the one-month mean precipitation for each six-hour time slot in a day of (a) TRMM 3B42 version 6 (Huffman et al. 2007 ) and (b) the WRF simulation. In the WRF simulations (Figs. 8b to f) , the time slots are defined as 0300 to 0800 LT, 0900 to 1400 LT, 1500 to 2000 LT, and 2100 to 0200 LT. Because TRMM 3B42 is three-hourly data, the figures for TRMM 3B42 are the average of two three-hour data sets, i.e., 0500 LT and 0800 LT, 1100 LT and 1400 LT, 1700 LT and 2000 LT, and 2300 LT and 0200 LT, which correspond to the time slots of the WRF simulations (Figs. 8b to f) . The diurnal cycle of precipitation by TRMM 3B42 exhibits almost the same characteristics as the tenyear-averaged precipitation in Figs. 4e to h. The observed precipitation over Borneo Island starts in early afternoon (1100 to 1400 LT) along the coastline and over the central mountains. The precipitation area extends and migrates into the inland area in 2300 to 0200 LT. The precipitation areas intensify and gather over the center of the island around midnight and survive until early morning (0500 to 0800 LT).
Most of the features of precipitation observed by TRMM are well simulated by the WRF model. The simulated precipitation distributes along the coastline in the afternoon (0900 to 1400 LT, 1500 to 2000 LT), and then the precipitation area migrates inland in the evening (2100 to 0200 LT). A heavy precipitation area arises in the center of the island in the early morning (0300 to 0800 LT). Simulated surface wind also shows a clear diurnal cycle in thermally induced local circulations. Sea-breeze fronts form along the coastline over the island in the afternoon then penetrate into the inland areas in the evening. The sea breezes survive even after sunset and converge in the center of the island before midnight, associated with heavy precipitation. The precipitation maintains its intensity until early morning.
The results may depend on the planetary boundarylayer scheme and land-surface scheme chosen; however, the results of sensitivity experiments using two other planetary-boundary layer schemes (YSU and MRF) and another land-surface scheme (RUC) demonstrate that the results do not strongly depend on the scheme used. Arakawa and Kitoh (2005) reported that the MRI-GCM could roughly simulate the features of local circulation generated by the orography. In our results, the phase of the diurnal cycle of precipitation simulated by the MRI-GCM also agrees well with that of the TRMM-NSR over small islands and straits whose horizontal scale is less than 200 km. However, the phase of the diurnal variation exhibits a large discrepancy between the simulated and observed precipitation around large islands such as Sumatra, Borneo, and New Guinea. Previous studies using GCMs with coarse grid spacing generally indicated that the simulated precipitation occurs earlier and continues for a shorter time than the observed one (e.g., Neale and Slingo 2003; Collier and Bowman 2004; Dai 2006) . Lee et al. (2007b) stated that the diurnal cycle strongly depends on the parameters of the cumulus parameterization.
Discussion
Diurnal cycle of convective activities in GCM
In the simulation by the MRI-GCM, more than 80% of the total precipitation around the Maritime Continent is due to the Arakawa-Schubert-type cumulus convective parameterization scheme. The precipitation caused by the cumulus parameterization scheme is sensitive to daytime instability in the lower atmosphere because of surface solar heating. As a result, parameterization tends to yield the most precipitation in the late afternoon over the land surface on clear days. The model accurately simulates the manner in which convection is generated over a mountain range or near the coast from the afternoon to the evening, but the simulated convection system does not propagate inland and finishes earlier than the ones observed, in addition to yielding a dis continuous phase distribution across the western coast of Sumatra.
The diurnal variation of precipitation is not simulated well around Borneo Island. The MRI-GCM incompletely simulates the nocturnal convection propagating offshore. This propagation was first found by Houze et al. (1981) . Over the inland area, the simulated precipitation has a very large phase error in the diurnal cycle. The inland propagation of convection is not simulated at all. Although the model accurately simulates the convection system generated near the coast in the afternoon, the simulated convection does not propagate inland and finishes much earlier than it does in the observation.
Mechanisms of the diurnal cycle of convective activities
The discrepancy in the phase distribution between most GCMs and the corresponding observations may be partially caused by lower resolution, as a result of which the model may not adequately simulate thermally induced local circulations that enhance the generation of convection systems. Many previous studies (Kimura and Kuwagata 1995; Sato and Kimura 2005; Simpson 1994; etc.) showed that local circulations often induce convection. The local circulations maintain and sometimes enhance the static instability after sunset and even as late as midnight and contribute to the late precipitation. The mechanisms of the diurnal cycle of precipitation revealed by previous studies are summarized as follows: 1) development of convective storms over a sea-breeze front (e.g., Pielke 1974) , 2) moisture conversion over mountains by upslope winds (Sato and Kimura 2005) , 3) propagation of multi-cell convective storms from the mountains (e.g., Satomura 2000) , and 4) interaction of convective storms with monsoon and/or land-sea breeze (Houze 1981) . Kimura and Kuwagata (1995) studied the moisture transport toward mountains using their simple non-condensation model and stated that the phase and magnitude of the diurnal cycle of the transport depend on the horizontal scale of the mountains. Larger horizontal scales yield later maximum precipitation. The vertical integrated moisture reaches its maximum in the early evening when the horizontal scale is about 80 to 160 km. These moisture cycles may affect the precipitation there. Neale and Slingo (2003) suggested that a coarse-mesh simulation, in which local circulations cannot be simulated in detail, causes phase errors in diurnal variations in GCMs. However, such differences in precipitation are still found even in a high-resolution simulation by the MRI-GCM, which would be expected to represent local-scale circulations, or at least the most effective ones with a horizontal scale of 80 to 160 km.
Propagation of convection
Another reason for the discrepancy between the MRI-GCM and the observation is the propagation of the MCSs. Nesbitt and Zipser (2003) and Hirose and Nakamura (2005) analyzed TRMM data and stated that strong precipitation zones were induced by organized MCSs, for example, a multi-cell-type storm (Houze 1993) . Tompkins (2001) studied the organization process of tropical convection over the ocean. Using a high-resolution, cloud-resolving model, he clarified that the cold pool produced by deep convection becomes a trigger for the next generation of convections and plays an important role in the spatial organization of tropical deep convection.
Although his experiments were limited to the situation of weak, large-scale wind shear and a homogeneous sea-surface temperature, this effect can partially explain the propagation of convection over the ocean, particularly to the west of Sumatra Island.
On Borneo Island, for example, systematic propagations can be observed that are well synchronized with the diurnal cycle. The convection system obviously propagates from the coasts inland, as seen in Fig. 3c , and as a result the time of the maximum precipitation strongly depends on the distance from the coast. Previous studies suggest that nighttime convection is related to both self-organization of the convection and local circulation around the islands (Ichikawa and Yasunari 2006; Williams and Houze 1987) . The non-hydrostatic model indicates that local circulations can easily induce convection areas over the land surface, especially over mountain ranges or coastal areas in the late afternoon. The convection systems then propagate inland. Although the mechanism of the propagation is not made entirely clear by these model studies, it can be assumed to contain two important processes. One is the self-organization of convection, including the evolution of a cold pool, and the other is forcing by the local circulations. As mentioned in Section 3, simulated precipitation bands intrude into inland areas associated with wind systems that seem to be sea-breeze fronts. Since the sea-breeze fronts are also expected to be modified by the precipitation, these two should interact non-linearly. Simpson (1994) showed that the observed sea breeze had a quite large horizontal scale (more than two hundred kilometers) and longer life (more than twelve hours) in some places. These facts are not in conflict with previous theoretical studies (Dalu and Pielke 1989) , but the non-linear interaction may also be related to such characteristics.
Conclusions
Recent studies using GMS and TRMM data revealed that a diurnal cycle is prominent in precipitation around the Maritime Continent and contributes to most of the total precipitation. MRI-GCM can simulate convection systems with a prominent diurnal cycle around the Maritime Continent. However, there are some differences in the spatial distribution and in the phase of the diurnal cycle between the simulated precipitation and that observed by the TRMM-NSR.
The spatial distributions of the total amount and amplitude of the diurnal cycle of the simulated precipitation agreed quite well with the observation for small islands, i.e., those with a 100 to 200 km width. In contrast, the MRI-GCM did not simulate well the process and structures of convection systems over large islands whose width exceeds 200 km. The phase difference in the diurnal cycle of precipitation between the TRMM-NSR and the MRI-GCM often reaches about 12 hours for large islands such as Borneo and New Guinea. Over the western offshore of Sumatra, the difference in the peak time of the diurnal precipitation cycle between the observation and simulation is small, but the difference in the total precipitation is large. Specifically, there is an underestimation of nearly 2000 mm year -1 over the area. The westward propagation of the precipitation system cannot be simulated, and the duration of precipitation is much shorter than it is in the observation.
The grid spacing of the MRI-GCM, 20 km, was fine enough to resolve the topography and the major thermally induced local circulations, which seem to drive the diurnal cycle of precipitation. However, the model did not always simulate the process and structures of the diurnal cycle of the convection systems. The reason for this could be that the MRI-GCM cannot simulate the coupling between a self-organized convection system and the local circulation because a cumulus convective parameterization is adopted. The two systems are strongly and non-linearly coupled through many processes, such as the distribution of moist instability, triggers for deep convections, and the formation of cold pools by rainfall.
